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Introduction
Monosodium Glutamate (MSG) is one of the world's most extensively used food additives [1] . Monosodium glutamate (MSG) -a sodium salt of glutamic acid -can produce a unique taste, known as fifth taste (umami) that improve the quality of food intake by stimulating chemosensory perception and proposed in various types of patients with cancer, radiation therapy and organ transplantation [2] . This flavor enhancer is extensively used in the food industry, and in restaurants and homes. It is present in a wide variety of processed foods including flavored chips and snacks, soups or sauces (canned, packed), prepared meals, frozen foods, marinated meats, fresh sausages, bottled soy or oriental sauces, and stuffed or seasoned chicken, manufactured meats, some hams, luncheon chicken and turkey, flavored tuna, vegetarian burgers and sausages [3] . Moreover, glutamate occurs naturally in various foods including cheeses, seafood, meat broths, poultry and vegetables [4] . Although there is no problem if MSG is present in small amounts in any one food, the problem moves to a much graver scale if small amounts are in different common foods that are consumed daily. Moreover, MSG might fall under different titles, making it very difficult to determine what foods contain this additive [5] .
The Food and Drug Administration (FDA) categorized MSG as a safe substance in 1959. However, the FDA commissioned a report that an unknown percentage of the population might react to MSG and develop MSG symptom complex [6] . Experimental studies showed that prolonged consumption of MSG produced a myriad of toxic effects, referred to as Chinese restaurant syndrome [7] . This syndrome was characterized by sweating, nausea, headache, chest tightness, and/or a burning sensation in the back of the neck [8] . Furthermore, longterm intake of MSG was shown to induce hyperphagia, obesity, asthma, memory impairment, and damage to hypothalamic neurons [7, 9] . Thus, the addition of MSG to foods can ultimately be considered a health hazard.
As a primary lymphoid organ, thymus ensures that only lymphocytes able to correctly distinguish self from non-self are let loose in the body. Thymocytes are subjected both to positive and negative selection in the thymus. The concept that the thymus in adult life atrophies and becomes unimportant has now to be finally rejected [10] . Previous studies have demonstrated that maturation of new T cells in the human water. Rats were acclimatized for 1 weeks before use in the experiments. The Ethics Committee for Animal Handling at Zagazig University (ECAHZU), based on National Institutes of Health (USA) guidelines, approved all protocols used herein.
Reagents
Monosodium glutamate (MSG) (C 5 H 9 NO 4 .Na; purity >98%) was obtained from Al-Dawlya Chemicals Co. (Cairo, Egypt). All other chemical reagents used here for the various analyses were from Sigma (St Louis, MO), unless elsewise indicated.
Preparation of MSG and treatment regimens
For use in the experiments, the MSG was dissolved in distilled water. For the exposures, rats were randomly allocated into three groups (N=10/group): Group I (control group) rats received 1 ml distilled water daily (MSG vehicle) for 8 weeks by oral gavages; Group II (MSG group) rats received 3 g/kg body weight of MSG (1/5 LD 50 ) daily for 8 weeks by oral gavages [35, 36] and Group III (recovery group) rats received the same dose of MSG for the same period as Group II rats and then nothing for a subsequent 4 weeks after the final MSG dosing. Rats were weighed daily to allow for adjustment of the daily dose volume; in no case did the volume of MSG used for treatment ever exceed 3 g/kg.
Rational for selection of dose, duration of the study and recovery period
Glutamate receptors are present on every major organ. Humans are 20 times more sensitive than monkeys, 5 times more sensitive than rats to MSG. [5] . The lowest dose in the previously mentioned studies was 2 g/kg of body weight that corresponds to an ingestion of 140 g in a 70 kg man. Furthermore, animal studies results are applicable with difficulty to humans as human food is much more diverse, rich and combined with another substances potentially leading to potentiation or inhibition of particular compounds effects. The median lethal dose (LD 50 ) is between 15 and 18 g/kg body weight in rats and mice [37] . The selected dose was based on the toxicity levels reported by previous studies [35, 36] . The duration of the study (8 weeks) may provide the potential for long-term effects associated with MSG intake. A number of studies have indicated that the effects of MSG can occur cumulatively over time with subsequent exposure [38] . Initially, there was no visible damage, but multiple exposures over a period of time led to the irreparable injury.
Rats were left untreated for 4 weeks post treatment to allow them to recover and to observe for reversibility, persistence or delayed occurrence of any effect according to Kingsley et al., [39] .
Blood and Tissue Sampling
Twenty-four hr after the final dosing/non-dosing day, the rats (who had been fasted over-night) were weighed and injected intraperitoneally with 50 mg pentobarbital/kg body weight. Blood samples were then collected from the retro-orbital plexus and serum was subsequently isolated and then stored at -80°C for later use in determinations of levels of interleukin (IL)-1β and IL-10. The rats were then euthanized by decapitation and their thymus and spleen were harvested. Each organ was divided into two parts; one was flash frozen in liquid N 2 and stored at -80 o C for later use in measures of malondialdehyde (MDA) and reduced glutathione (GSH) contents as well as catalase (CAT) and superoxide dismutase (SOD) activities. The other part was processed for histological examination. thymus continues throughout life. Although extremely active in the fetal and perinatal period, the thymus continues to generate new T cells into the adult years and even into old age, supplying the diversity needed to respond to antigenic challenge [11] .
Being the largest secondary lymphoid the spleen is also greatly involved in host immune response against blood borne antigens [12] . Therefore, it is considered a vital organ to assess treatmentrelated lesions. Immunotoxicity of xenobiotics or their metabolites on lymphocytes populations is represented in the spleen. Spleen is considered one of the recommended organs to evaluate enhanced histopathology of the immune system [13, 14] .
The cluster of differentiation 3 (CD3) T-cell co-receptor is a protein complex and is composed of 3 polypeptide chains. CD3 is initially expressed in the cytoplasm of pro-thymocytes, the stem cells from which T-cells arise in the thymus. The pro-thymocytes differentiate into common thymocytes, and then into medullary thymocytes, and at this latter stage CD3 antigen begins to migrate to the cell membrane. The antigen is found bound to the membranes of all mature T cells, and in virtually no other cell type. This high specificity, combined with the presence of CD3 at all stages of T cell development, makes it a useful immunohistochemical marker for T cells in tissue sections [15, 16] . CD3-positive molecules are expressed in all mature T-lymphocytes, and are a common surface marker for them [17] .
The immune system presents major adaptive mechanisms through which the body protects itself from pathogens and other harmful agents [18] . Any disturbance in the immune system could impair its capacity to defend the body against infections, as well as lead to inflammatory diseases and even enhanced tumorigenesis. The immune system is also a potential target of toxicity following chemicals exposure [19] . Oxidative stress contributes to various disorders in the body, including a comprise of the immune system. This stress occurs due to an imbalance between biological oxidants and anti-oxidants, and often gives rise to cell and organ damage [20, 21] . Previous studies indicated that chemicals that induce oxidative stress depress immune organ/cell function [18, 22] .
Several studies have demonstrated that MSG causes arcuate nucleus damage [23] and is also associated with a number of pathological conditions such as epilepsy, schizophrenia, anxiety, depression, and degenerative disorders such as Parkinson's disease and Alzheimer's disease, [24, 25] . It has been proved that MSG induces oxidative stress in different organs, including the pancreas [26] , liver [27] , kidney [28] , and thymus [29] [30] [31] . Previous studies has also suggested that glutamateinduced toxicity could be mediated via necrosis and apoptosis [32] . Further, it has been shown that MSG increased apoptosis of thymocytes in rats, in part, by down-regulation of anti-apototic (Bcl-2) gene expression [33] . Recent studies have shown that glutamate not only has a role as neurotransmitter, but also as an important immunomodulator [34] . Based on those earlier observations, the objective of this study was to explore immunomodulatory changes induced by MSG in the thymus and spleen and the possibility of their reversal.
Materials and Methods

Animals
The current study was performed using 30 albino rats (male, 150-180 g, 12-16-weeks-old) obtained from the Faculty of Veterinary Medicine, Zagazig University. Rats were housed in stainless steel cages and maintained under standardized environmental conditions (25°C) away from any stress with a 12-hr light/dark cycle and 50% humidity. All rats had ad libitum access to standard rodent chow and filtered
Histology
The dedicated portion of isolated thymus and spleen from each rat was placed in 10% buffered formalin. After 10 min, 1-cm 3 specimens were fixed in 10% buffered formalin for 24 hr and then processed to yield 5-μm sections. Some of these sections were stained with haematoxy-lin and eosin (H&E) to verify histological details via light microscopy [46] . Other sections were de-paraffinized, placed on charged slides, and used for localization of CD3 on cells. Anti-CD3 antibodies were employed to stain the cells in an avidin-biotin-complex (ABC) immunoperoxidase technique. Specifically, the sections were incubated in 5% H 2 O 2 (in methanol) solution for 10 min to block endogenous peroxidase activity and then incubated with primary anti-CD3 rabbit monoclonal antibody (1:50 dilution in 1% bovine serum albumin solution; Pan-T Clone SP7, Thermo Scientific, LabVision, Fremont, CA) for 60 min at room temperature. After rinsing with phosphate-buffered saline (PBS, pH 7.4) to remove unbound primary antibody, the samples were incubated with diaminobenzidine (DAB) chromogen solution for 5 min at 25°C. The sections were then counterstained with haematoxylin for 15 sec. Normal tissues were used as positive control; a negative control was generated using the same tissue (normal tissues) but omitting the primary antibody [47] .
Morphometric study
Quantitative morphometric measurements were obtained using a Leica Qwin 500 image analyzer computer system (Leica, Hessen, Germany): Faculty of Medicine, Zagazig University, Egypt. Immunoreactive optical density for CD-3were estimated. The optical density was determined randomly in the thymus cortex and PALS of spleen. Measurements were taken in 10 randomly selected nonoverlapping fields from each animal. All Morphometric measurements were taken at total magnification X400. p-value<0.05 was considered statistically significant.
Statistical Analysis
All results were expressed as mean ± SD. Differences among the groups were analyzed via a one-way analysis of variance (ANOVA) followed by a Tukey-Kramer post-hoc test for inter-group comparisons using SPSS software (v.16; SPSS Inc., Chicago, IL).
Results
Body weight
Monosodium glutamate (MSG) administration induced a significant increase in rat body weight (p<0.0001) when compared with control rat values. Stopping administration of the MSG significantly reduced these values toward normal (p<0.01) ( Table 1 ).
Serum IL-1βand IL-10 levels
In MSG-treated rats, serum IL-1β level was increased 1.6-fold with respect to control group levels. This increase was attenuated after withdrawal of MSG (p<0.0001). Administration of MSG also caused a significant decrease in serum IL-10 (p<0.001). Again, the recovery ameliorated the MSG-induced reduction (p<0.0001) ( Figure 1 ).
Biochemical Analysis
Serum IL-1β and IL-10 levels were assayed using Quantikine ® ELISA kits (R&D Systems Inc., Minneapolis, MN). Sensitivity of the kits was 5 pg IL-1β/ml and 10 pg IL-10/ml. Thymic and splenic contents of MDA (indices of lipid peroxidation) were determined spectrophotometrically using a commercial kit (Dokki Biodiagnostic, Giza, Egypt). Briefly, an aliquot of tissue extract supernatant was mixed with 1 ml 5% trichloroacetic acid and then centrifuged at 2500 × g for 10 min. Supernatant (0.2 ml) was transferred to a test tube, and then 0.2 ml of 8.1% sodium dodecyl sulfate (SDS), 1.5 ml of 30% acetic acid (pH= 3.5), and 1.5 ml of 0.8% thiobarbituric acid (TBA) were added. The tube was mixed, covered with glass beads, heated in waterbath (at 95°C) for 30 min, and then cooled. After centrifugation (4000 × g, 10 min), the supernatant was isolated and absorbance of the pink color was measured at 532 nm in Model UVD-2950 scanning spectrophotometer (Labomed Inc., Los Angeles, CA). A standard curve was generated using 1,1,3,3-tetraethoxypropane; from this curve, MDA levels in each sample were extrapolated. All data were expressed as nmol MDA/g tissue processed.
Reduced glutathione (GSH) contents in the thymus and spleen were assessed according to the method of Ahmed et al. [40] based on a 5,5'-dithiobis-2-nitrobenzoic acid (DTNB) reaction. Briefly, 0.1 g tissue was homogenized in 1 ml phosphate buffer (pH=8) at 4°C. An aliquot (0.5 ml of homogenate) was mixed with 0.5 ml 10% TCA in 5 mM EDTA solution and the mixture was then centrifuged at 2000 x g for 5 min. The supernatant generated was used for the determination of GSH at 412 nm in the spectrophotometer [41] . As total protein content was needed for calculation of GSH content in the tissues, this parameter was determined using a Biocon Diagnostik kit (GmbH, Vohl-Marienhagen, Germany). All data were expressed as nmol GSH/mg protein.
Tissue CAT activity was assessed colorimetrically using the method of Aebi (1984) [42] which is based on the fact that if CAT reacts with a known quantity of H 2 O 2 and the reaction is then stopped after 1 min (using CAT inhibitor), in the presence of a peroxidase (horseradish peroxidase [HRP]), any remaining H 2 O 2 reacts with 3,5-dichloro-2-hydroxybenzene sulfonic acid (DCHBS) and 4-aminophenazone (AAP) to form a chromophore. Ultimately, the color intensity is inversely proportional to the amount of CAT that is present in the original sample. For this assay, 50 ml tissue homogenate supernatant was placed in a cuvette containing 500 µl 100 mM phosphate buffer (pH 7.0) and 1 mM DCHBS. To this, 1 ml of 0.05 mM H 2 O 2 was added and the mixture was incubated 1 min at 25°C. After 1 min, 100 µl of CAT inhibitor (15 mM sodium azide) and 500 µl of a solution containing HRP (2 U/ml) and 2 mM 4-aminoantipyrine were added and the mixture was incubated a further 10 min at 37°C. The level of resulting quinoneimine dye was then measured spectrophotometrically at 510 nm. Total activity was expressed as U/g tissue where 1 U=the amount of catalase that decomposes 1 µmol H 2 O 2 /per min [43] .
Tissue SOD activity was measured according to the method of Nishikimi et al. [44] . An aliquot of splenic or thymic homogenate supernatant (50 µl) was combined to 100 µl sodium pyrophosphate buffer (pH 8.3), 0.1 ml of 0.3 M nitroblue tetrazolium, and 0.1 ml of 780 µM NADH; after mixing, 10 µl of 186 µM phenazine methosulfate (PMS) solution was added to initiate the reaction. Because SOD enzyme inhibits PMS-mediated reduction of nitroblue tetrazolium, the rate of increase in absorbance (measured at 560 nm) was used to reflect SOD content in the sample. All data were ultimately reported as U/g tissue, with 1 U=the amount of enzyme required to produce a 50% inhibition in NBT reduction [45] .
(r=0.92, p<0.0001). In contrast, it was negatively correlated with thymic GSH content (r=-0.78, p<0.0001), SOD (r=-0.79, p<0.0001) and CAT (r=-0.69, p<0.0001) activities as well as splenic GSH content (r=-0.78, p<0.0001), SOD (r=-0.74, p<0.0001), and CAT activities (r=-0.84, p<0.0001). On the other hand, there was a positive correlation among serum IL-10, thymic GSH content, SOD (r=0.98, p<0.0001) and CAT activities (r=0.88, p<0.0001) as well as splenic GSH content (r=0.98, p<0.0001), SOD (r=0.99, p<0.0001) and CAT activities (r=0.86, p<0.0001). A negative correlation was observed among serum IL-10, thymic (r=-0.89, p<0.0001) and splenic MDA contents (r=-0.84, p<0.0001).
Histological findings
The examination of H&E-stained sections of control rat thymuses revealed many lobules partially separated by thin bands of connective tissue. Distinct cortex containing many densely packed cells of thymocytes, epithelial cells and deeply stained bodies was observed. Tingible body macrophages (macrophages containing stainable bodies or cellular debris) were detected. Paler staining medullas with Hassell's corpuscles were also seen (Plates 1A and 1B). Examination of thymus sections from the MSG-treated rats showed different degrees of lobular affection. Some lobules were separated by relatively thick bands and congested blood vessels. Dark-staining cortex with increased numbers of lymphocytes with darkly stained nuclei and tingible macrophages were also noticed. The medulla showed many empty spaces and vacuolated epithelial cells and Hassell's corpuscles (Plates 1C and 1D). The affected lobules revealed loss of normal lobular architecture; the capsules were expanded by edematous fluid, with a few interspersed inflammatory cells. Decreases in the number of T-lymphocytes with different sizes and darkly-stained nuclei and dilated blood sinusoid were also seen in the cortical region. The medullary region was enlarged and re-populated with small lymphocytes and dilated blood sinusoids. Cortical-medullary differentiation was difficult to determine due to lack of normal cortical tissues (Plates 1E and 1F). Examination of the recovery rat samples indicated there was a relatively thick connective tissue septum. Thymic tissues with re-population by cortical thymocytes were seen enclosing the paler staining medulla. T-lymphocytes with darkly stained nuclei were also seen (Plates 1G and 1H). Immunoperoxidase staining for CD3 in the control group thymus samples revealed numerous strong immunoreactive T-lymphocytes, mainly in the cortex (Plates 2A and 2B). In the tissues from the MSG rats, there were weak immunoreactions by cells in the cortex and moderate reactivity in the medulla (Plates 2C and 2D). Examination of tissues from the recovery group rats indicated that there were many positive T-lymphocytes, mainly in cortical regions (greater than those in the medullary region) (Plates 2E and 2F).
H&E-stained sections of control group spleens displayed white pulps formed of eccentric arteriole surrounded by periarterial lymphatic sheath (PALS) and well-circumscribed lymphoid follicles. Germinal centers appeared as lightly-stained areas in the center of secondary lymphoid follicles. Marginal zones with many aggregations of darkly-stained lymphocytes were clearly differentiated from the red pulp. Many blood cells were also noted in the pulp (Plates 3A and 3B). On examining sections of spleens from MSG-treated rats, smallsized lymphatic follicles with an absence of germinal centers and large congested blood vessels with thick walls were seen. The differentiation between red and white pulps was indistinct. Many lymphocytes with different sizes and darkly stained nuclei, blood cells and splenic sinusoids were scattered in red pulps (Plates 3C and 3D). Examination Serum IL-10:IL-1β ratios were significantly decreased from 0.76 in the control rats to 0.18 in the MSG rats (p<0.0001). Cessation of MSG administration increased this ratio to 0.45 (p<0.0001), reflecting a somewhat restoration of the balance between pro-inflammatory and anti-inflammatory cytokines.
Oxidative stress and anti-oxidant parameters in the thymus and spleen
Rats treated with MSG exhibited a significant increase in MDA content in both thymic and splenic tissues (p<0.001) compared to control values. Cessation of MSG administration for 4 weeks significantly reduced these tissues MDA contents (p<0.05). MSG administration also resulted in a significant reduction in GSH contents in both thymic and splenic tissues (p<0.001) compared to control values that was also reversed by the recovery period. Activities of SOD and CAT (anti-oxidant enzymes) were decreased in MSG-treated animals in comparison with levels in their control counterparts, but increased in the recovery group (p<0.05) ( Table 2 ).
Correlations between measured biochemical parameters
Analysis of the combined results from all tested rats revealed that serum IL-1β levels were positively correlated with body weight (r=0.95, p<0.0001), thymic (r=0.9, p<0.0001) and splenic MDA contents Results are expressed as mean ± SD (N = 10 rats/group).
a Value significantly different from control group (p < 0.001) and b MSG group (p < 0.05).
MDA: malondialdehyde; GSH: reduced glutathione; CAT: catalase; SOD: superoxide dismutase. of recovery group showed lymphatic follicles of different sizes with absence of germinal centers. Aggregates of darkly stained lymphocytes were observed within follicles. Marginal zone was differentiated from the red pulp. Also, many blood cells were noticed within blood sinusoids (Plates 3E and 3F). Spleen sections from the control rats revealed large numbers of CD3 + T-lymphocytes, mainly around the central artery forming PALS in the white pulp (Plates 4A and 4B). In contrast, a decrease in CD3 + T-lymphocyte numbers was noted in the PALS of spleens from MSG-treated rats. In addition, the majority of cells were weakly stained, and only a few had a strongly positive reaction (Plates 4C and 4D). Sections of spleen from recovery rats revealed restoration of the number of CD3 + T-lymphocytes, mainly around the central artery forming the PALS (Plates 4E and 4F).
Histological morphometrical and Statistical Results
The mean optical density of CD-3 expression for all groups is presented in Table 1 . There was a significant decrease (P<0.05) in CD-3 expression in MSG-treated group (II) compared with control group (I). There was a significant increase (P<0.05) in CD-3 expression in recovery group (III) compared with MSG-treated group (II) ( Table 3 ). Results are expressed as mean ± SD (N = 10 rats/group) p value (< 0.05). 
Discussion
Monosodium glutamate (MSG) is frequently used as a flavor enhancer and one of the most applied food additives used in modern nutrition worldwide [48] . Thymus is responsible for generation of most of circulating T-cells and specifically, play an important role in maintaining the immune reaction of the spleen [12] Thus, alteration of T-lymphocytes in response to MSG consumption could reflect MSGinduced immunotoxicity.
The current study showed that MSG administration, lipid peroxidation and a depletion of anti-oxidants in the thymus and spleen, a precursor to the pathogenesis of many diseases. Similar findings were reported in an earlier study; MSG significantly increased malondialdehyde (MDA) levels and decreased catalase (CAT) activity in thymic tissues [31] . They suggested that MSG induced oxidative stress in the thymus and spleen, increasing their sensitivity to lipid peroxidation. On the other hand, stopping the MSG administration resulted in a significant reduction in lipid peroxidation and repletion of anti-oxidants in the thymus and spleen. These findings support those of a previous study reporting that over-expression of CAT protected thymocytes against oxidative injury and apoptosis [49] .
Cytokines are cell-signaling proteins secreted to mediate the immune response of a body and to regulate inflammatory processes [50] . The family of cytokines includes pro-inflammatory proteins, such as tumor necrosis factor (TNF)-β, IL-1β, and IL-6, and antiinflammatory ones like IL-10. Pro-inflammatory cytokines allow organisms to respond to infectious agents and induce inflammation; over-production of these agents can occur as well, leading to chronic inflammation and/or autoimmunity [51, 52] . While the immune system and its cells have mechanisms to inhibit the inflammation induced by these cytokines [53] , changes in levels of these proteins can serve as an indirect index to assess immune function status [54] .
Administration of MSG to mice increased their mRNA expression of inflammatory genes including those for IL-6 and TNFβ [55] [56] [57] , This was believed to be attributed to an increase in fat tissue and dual activation of peroxisome proliferator-activated receptors (PPAR) α and ϒ [57] . Several studies have demonstrated that obesity is associated with a chronic low-grade inflammation [58] . It is also known that visceral adipose tissues synthesize and secrete cytokine and adipokines like IL-1β, IL-6, TNF, resistin, adiponectin and leptin [59, 60] . The study here showed also that MSG increased IL-1β and decreased IL-10 levels in serum, reflecting a reduction in the ratio between circulating anti-and pro-inflammatory cytokines. The increase in IL-1β might be attributed to obesity since it was coupled with an increase in the body weights of the rats. In addition, the oxidative stress itself might be causative for the increase in release of IL-1β after the MSG dosing. In contrast, stopping MSG administration led to a normalizing of body weight and serum IL-1β and an elevation of serum IL-10 levels, thereby restoring a balance between pro-and anti-inflammatory cytokines in the blood. In contrast, IL-10 is an anti-inflammatory cytokine produced in large amounts from activated B-lymphocytes that mature in the marginal zone of the spleen. It has been suggested that IL-10-producing B-cells play a regulatory role in suppressing harmful immune responses [61, 62] . IL-10 has been shown to slow down progression of apoptosis in immuno-derived cells. IL-10 prevents the increase in nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) binding activity evoked by glutamate [63] . This effect was shown previously to be causally involved in glutamate-mediated cell death [64] . Thus, our findings that MSG intake reduced serum IL-10 levels might imply that this agent is also inducing splenic hypo-function and atrophy. Once again, oxidative stress might also be involved in this process. In support of this notion, it was found that N-acetyl cysteine (antioxidant) attenuated lipopolysaccharide induced apoptosis in splenic lymphocytes [65] . The data presented here indicated that in fact there was a strong positive correlation among the changes in serum IL-10 levels and the loss of thymic and splenic anti-oxidants; this lends credence to the potential role that oxidative stress might be having in mediating the immunotoxicity of MSG.
While mechanisms contributing to chemically-induced immunotoxicity are not clearly understood [66] , oxidative damage is a possible mechanism [67] Several studies have shown that exposure to pesticides induced oxidative stress, depression of immune function, and pathological changes in splenic lymphocytes [21, 54, [68] [69] [70] [71] . The upregulation of IL-1β and TNF in the spleen following pesticide-exposure reflected inflammation and a decline in host immune function [54] . In line with the potential role of MSG inducing immuno-toxicity via induction of oxidative stress, the results here showed there was a positive correlation among the changes in serum IL-1β levels and both thymic and splenic MDA contents after MSG treatment.
Elevated glutamate concentrations could impair lymphocyte functions and induce secondary immunopathological consequences
This effect of high glutamate produces the suppression of mitogeninduced proliferation and is mediated by glutamate receptors [34] . Human T lymphocytes express several types of glutamate receptors which control immune responses, cell activation, maturation and death [72, 73] . Glutamate changes the activity of voltage-gated potassium channels and impairs T lymphocyte proliferation through metabotropic glutamate receptors (mGluR) [74] . Activation of lymphocytes by N-methyl-d-aspartate (NMDAR) increases the content of intracellular calcium and reactive oxygen species [75, 76] and changes the secretion of both, IL-8 and IL-10 [73, 77] demonstrated that glutamate affect neuroinflammation via effects on immune cells. Knockout mice lacking mGluR were markedly vulnerable to experimental autoimmune encephalomyelitis.
The study here also showed that MSG induced histological alterations in the thymus including increased numbers of lymphocytes with darkly stained nuclei and tingible body macrophages in the cortex. [13] reported that tingible body macrophages and decreased numbers of lymphocytes in the thymus might be a direct result of thymic lymphocyte toxicity. This can be attributed to oxidative stress since MSG administration significantly increased thymic MDA content along with depletion of anti-oxidants. T-lymphocytes were also reduced in the tissues of the MSG hosts. Moreover, the medullary regions were enlarged and re-populated with small lymphocytes. Cortical-medullary differentiation was difficult to be determined in dramatically affected lobules. These findings suggested shifting the balance between pro-oxidant-antioxidant systems in lymphoid organs towards pro-oxidant leading to deterioration of immune functions which may have an important role in thymocyte apoptosis induced by MSG [31] .
In the current study, thymic lobules were separated by relatively thick bands and congested blood vessels. The capsules were expanded by edematous fluid with a few interspersed inflammatory cells. An earlier study indicated that tissue injury is followed by a complex set of interrelated cellular and humoral reactions. This helps to remove or neutralize injurious agents, eliminate the damaged tissue, and promote healing. Most of these reactions occur in the connective tissues and most healing ultimately depends on the deposition of collagen [78] . Empty spaces and vacuolated epithelial cells were detected in the thymus of MSG group. Most of the cells disappear from the thymus leaving highly vacuolated epithelial cells and many large to small clear vacuoles. This may be due to digestion and degeneration of apoptotic cells [10] . The depletion of interdigitating cells in the medulla may be related to a disturbance in the negative selection process of thymocytes [79] .
In the current study, MSG treated group spleen showed small sized lymphatic follicles with absence of germinal centers. The differentiation between red and white pulps was indistinct. Our results are in agreement with [80] who found that administration of MSG induced degenerative and atrophic changes in rat spleen. Tetra-hydroxybutylimidazole (THI) is used as a food color additive. In rats, this compound rapidly reduced the number of B-and T-lymphocytes in the peripheral blood, spleen, and lymph nodes. THI-induced immunosuppression is thought to be due to inhibited migration of mature thymocytes into the periphery. Most of the thymotoxic and immunosuppressive compounds affect secondary lymphoid organs including the spleen [79] .
However, the recovery group spleen showed small sized lymphatic follicles without germinal centers. The differentiation between red and the white pulps was distinct. Our results are consistent with those of [81] . They demonstrated that there were varying degrees of cellular recovery that improved with time after cessation of MSG treatment.
As T-lymphocytes play an important role in maintaining host immune status [17] , the alterations in T-lymphocyte levels in response to MSG consumption here may reflect a wider MSG-induced immunotoxicity. CD3 marker analyses of tissue sections showed that in the MSG rats, there were reduced numbers of T-lymphocytes in the cortex and moderate levels in the medulla. The recovery regimen allowed for increases in the number of T-lymphocytes in the cortex more than in the medulla. MSG also induced a decrease in CD3 + T-lymphocytes in the splenic PALS. Recovery also allowed for a restoration of these cells and a re-establishing of the PALS. These were confirmed by morphometrical results which showed a significant decrease (P<0.05) in optical density of CD-3 expression in MSG-treated group (II) compared with control group (I). There was a significant increase (P<0.05) in CD-3 expression in recovery group (III) compared with MSG-treated group (II). [82] stated that oxidative stress induces structural modifications in T-lymphocytes, leading to their becoming hypo-responsive Consequently, the oxidative stress induced by MSG could be responsible for the reduction in T-lymphocytes in both the thymus and spleen. Support for this hypothesis has been bolstered by a recent study wherein aluminum-induced oxidative stress reduced the number and density of T-lymphocytes in the spleen of pregnant rats [17] .
In conclusion, a shift in the balance between pro-and anti-oxidants in the thymus and spleen following MSG administration appeared to contribute to impaired histological and immune parameters (alterations in the thymus and spleen, reduction in number of T-lymphocytes in these organs, shifts in serum IL-10/IL-1β ratios) in treated rats which is reversible after cessation of treatment but the normal structure of the spleen would need a long time to be regained. It is recommended that further studies aimed at corroborating these findings be carried out. Based on these finding, food production agencies should take heed and potentially reduce the frequency/level of MSG addition to food products and individuals should restrict their dietary intake of foods containing this flavor enhancer.
